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bstract
Amorphous Fe–B alloys can be prepared at room temperature by reduction with borohydride of iron-oxide particles in suspension. By varying
he borohydride concentration, amorphous Fe–B alloys with boron contents between 2 and 13 at.% have been produced by reduction of synthetic
nano-sized particles) and natural (micro-sized) hematite (-Fe2O3) using sodium borohydride (NaBH4). The results presented in this paper were
btained from a systematic study of the effect of borohydride concentration on the resulting reaction products using a variety of experimental
echniques, such as X-ray diffraction, wet chemical analyses, thermal analyses, scanning electron microscopy, transmission Mo¨ssbauer spectroscopy
TMS) and integral low-energy electron Mo¨ssbauer spectroscopy (ILEEMS). Three distinct NaBH4 concentrations have been applied. Beside
nreacted hematite, amorphous Fe1−xBx alloys have been identified from the TMS spectra recorded at various temperatures between 15 K and
oom temperature. The amount of Fe1−xBx increases strongly with increasing NaBH4 concentration, and for a given concentration with increasing
pecific surface area (SSA). Thermal analyses have suggested that for any given reduction condition, the boron content x in the formed amorphous
lloy has a bimodal distribution. This is found to be consistent with the finding that the contribution of the Fe1−xBx phase to the total Mo¨ssbauer
pectra consists of a superposition of a broad sextet and doublet. ILEEMS has further revealed that especially the surface layers of the hematite
rains are affected by the reduction processes.
2006 Elsevier B.V. All rights reserved.
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. Introduction
A chemical reduction method of metal–salt solutions to pre-
are ultrafine particles of amorphous alloys has received ample
ttention in recent years [1–3]. This route of preparation has sev-
ral advantages with respect to traditional methods applied to
btain amorphous alloys. Among these advantages is the possi-
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niversity of Ghent, Division NUMAT (Former Laboratory of Magnetism),
roeftuinstraat 86, B-9000 Gent, Belgium. Tel.: +32 9 264 65 67;
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ility to produce the alloys in a form of particles or as ferrofluids.
odium (NaBH4) or potassium (KBH4) borohydride have been
ommonly used in that respect, thus resulting in boron to be
ncorporated into the structure of produced compounds, yield-
ng, e.g. alloys of the type TM1−xBx in which TM is a transition
etal. The value of x in this general formula depends on the
orohydride molarity applied to the reaction medium and on
arious other reaction conditions, such as pH of the solution,
ddition rate of the reactants, reaction time and mixing proce-
ure [4–9]. These parameters also determine to large extent the
omposition, structure, particle size and physicochemical prop-
rties of the various other phases that may constitute the obtained
roducts.
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An earlier study by the present authors [10] has shown
hat amorphous Fe–B alloy, in addition to metallic iron, can
e produced by chemical reduction of micron-sized hematite
-Fe2O3) particles in suspension using sodium borohydride
SBH). That study was focused on the exploration of an alterna-
ive route to obtain amorphous Fe–B particles, i.e., by using
ron-oxide particles in suspension instead of metal ions in
olution. The amounts of hematite and SBH, were kept con-
tant. The as-such obtained composites, as well as their deriva-
ives from thermal treatments at selected temperatures, were
horoughly examined applying a variety of material-research
echniques, including electron microscopy with EDAX and
lectron-diffraction facilities and 57Fe Mo¨ssbauer spectros-
opy.
Prompted by the peculiar results of that initial study, the
uthors decided to further explore the reduction process of Fe-
xide particles by applying SBH to suspensions containing these
articles. In contrast to the previous work the influence of the
BH concentration on the final products is investigated to some
xtent. Also, the authors were interested in examining the effect
f the average size of the particles in the parent suspensions
n the one hand, and in the process involving other types of
e oxides on the other hand. This first part of two companion
apers is concerned with the chemical reduction of micron- and
ano-sized hematite (-Fe2O3) particles by addition of various
mounts of SBH to the parent suspensions.
. Experimental
The reaction of hematite particles with SBH to produce amorphous Fe1−xBx
lloys was carried out for two different species of -Fe2O3: a natural one
btained from Quadrila´tero Ferrı´fero, Minas Gerais state (Brazil), consisting
f micron-sized particles, and a synthetic one prepared by heating synthetic
oethite (see Part II) at 300 ◦C during 2 h, with particle size of the order of
5 nm.
Three intimate mixtures consisting of different weight proportions of -
e2O3 and NaBH4 powders were used (1:1, 1:4 and 1:8, respectively). The
espective suspensions were obtained by addition of 50 ml of distilled water.
o each, 100 ml of a 0.2 M HCl solution was drop-wise added. After the initial
eactions, amounts of NaBH4 powder, equal to the respective amounts present in
he inceptive mixtures, were added to the obtained suspensions. This was done
n four consecutive steps, each one involving one-fourth of the total amount of
owder to be added. Hence, the oxide:borohydride weight proportions in the
nal products were 1:2, 1:8 and 1:16, respectively. All reactions were started
t room temperature and terminated in a time span of 30 min. The pH and the
ctual temperature of the reaction medium were regularly probed during that
ntire reaction process. Afterwards, the products were thoroughly washed with
istilled water and finally dried at 70 ◦C.
X-ray diffractograms (XRD) were recorded in the range 20–70◦ (2θ) with
oniometer speed of 0.5◦ min−1 using an XRD-6000 Shimadzu diffractrometer
quipped with a Fe K or Co K radiation and Mn or Fe filter, respectively.
ounts were registered every 0.02◦ (2θ). Standard silicon was added in order
o correct the positions of the diffraction lines and subsequently calculate the
ell parameters using the well-known JADE program. Particle sizes along the
1 0 4] and [1 1 0] crystallographic directions were evaluated from the widths
t one-half-maximum of the respective diffraction peaks using the well-known
cherrer formula.Analysis of iron and boron contents in the obtained products was performed
y wet-chemical analysis and inductively coupled plasma (ICP), respectively,
fter dissolving the samples with concentrated HCl.
Thermogravimetric curves between 25 and 1000 ◦C were obtained under
ynthetic air (100 ml/min) using a Du Pont SDT 2960 apparatus and applying a
h
i
h
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eating rate of 5 ◦C/min. DSC measurements in the range 25–550 ◦C, heating
ate of 5 ◦C/min and under an atmosphere of synthetic air (50 ml/min), were
arried out with the powders contained in open aluminium pans.
Mo¨ssbauer spectra (MS) at a number of different temperatures were col-
ected with spectrometer operating at constant acceleration mode with triangular
eference signals. 57Co(Rh) sources were used. At room temperature, both con-
entional transmission Mo¨ssbauer spectroscopy (TMS spectra) and integral low-
nergy electron Mo¨ssbauer spectroscopy (ILEEMS spectra) have been applied.
ll Mo¨ssbauer spectra were computer-analysed in terms of model-independent
istributions of hyperfine parameter values and numerical data quoted hereafter
efer to maximum-probability values. Isomer shifts are referenced with respect
o -Fe at room temperature. As it was found that an unconstraint adjustment
rocedure yielded non-consistent and often unrealistic results, some plausible
ssumptions were implemented in the fitting model. These assumptions will be
escribed in the next section.
Scanning electron microscopy (SEM) images were collected in a JEOL appa-
atus with the powder samples dispersed in acetone.
. Results
.1. Synthetic hematite
The poorly crystalline hematite (sample HS), treated with
odium borohydride as described in the previous section, gave
ise to samples that are henceforward code-named BHS1, BHS2
nd BHS3, respectively. In each case, the chemical reduction
roduced a black and highly magnetic precipitate, as experi-
nced using a hand magnet. The “apparent magnetism” of the
amples seems to vary with the amount of NaBH4 used, the
rains of sample BHS3 being the most attracted.
Fig. 1 (top) shows that, except for the lowest SBH concen-
ration, the pH of the reaction medium initially increases during
he reduction process of the synthetic hematite. A congruent
ehaviour is noticed for the temperature of the medium (see
ig. 1, bottom). Observed behaviour of pH and temperature
robably can be attributed to the formation of hydroborate inter-
ediates. It was indeed suggested by Forster et al. [11] that
he reaction with borohydride proceeds via iron-hydroborate
ntermediates of the form [(H2O)5Fe(HOBH3)]2+, which pre-
umably involve exothermal reactions, thus increasing temper-
ture and pH of the reaction medium. However, since the reac-
ion is extremely fast, these intermediates have not yet been
solated.
The XRD pattern of sample HS exhibits only peaks charac-
eristics of hematite and showing differential line broadening
Fig. 2). This broadening is the result of the generally poor crys-
allinity of hematite produced by heating synthetic goethite at
ow temperatures, such as 300 ◦C [12]. The XRD of the reduced
amples also show merely the diffraction lines of hematite, with
t first glance similar line broadenings. The presence of any
ther crystalline phase is not detected, implying that the phase
esponsible for the colour and magnetism of the powders after
eaction may be an amorphous component, most likely the Fe–B
lloy [10].
The cell parameters and the particle sizes of the synthetic
ematite before and after the reduction with the SBH are listed
n Table 1. For comparison, cell parameter values of standard
ematite (Powder Diffraction File: 33-0664) have been included
n the table. It is obvious that in particular the c parameters
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Table 1
Cell parameters and particles size (Dhk l) of the synthetic hematite in the studied
samples
Sample Cell parameter D1 0 4
(nm)
D1 1 0
(nm)
a (A˚) c (A˚)
Hematite (standard) 5.036 13.749 – –
HS 5.039 ± 0.002 13.753 ± 0.009 13 37
BHS1 5.040 ± 0.002 13.790 ± 0.013 11 32
BHS2 5.037 ± 0.003 13.778 ± 0.018 15 35
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wig. 1. Temperature (bottom) and pH (top) behavior during the reaction of reduc-
ion of the synthetic hematite.
or the present hematite phases differ significantly from the
tandard value. These differences may be attributed to some
mpurities into the structure, such as OH− groups, which is
nherent to the applied synthesis route [13]. No clear tenden-
ies are observed regarding the hematite particle sizes. To first
ig. 2. X-ray diffraction patterns of the synthetic hematite (HS). Si corresponds
o standard silicon which was added.
o
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H
B
B
BHS3 5.036 ± 0.002 13.788 ± 0.011 22 31
ote: Standard hematite (PDF 33-0664).
rder, they seem to be fairly independent of the SBH concentra-
ion.
The iron and boron contents and the bulk compositions of the
morphous Fe–B alloys are given in Table 2. These latter compo-
itions were evaluated assuming that no other phases in addition
o -Fe2O3 and Fe1−xBx are present, which is corroborated by
he combined results of XRD and MS (see hereafter). Clearly,
he global B content of the produced Fe–B alloys increases with
ncreasing amount of SBH added to the suspension containing
he hematite particles. This finding is in line with the conclusion
f Linderoth and Mørup concerning the composition of amor-
hous TM1−xBx particles prepared by chemical reduction of TM
ons by borohydride in aqueous solutions [4]. According to the
iterature survey reported by these authors, the concentration of
he borohydride is one of two most important reaction parame-
ers determining the composition x, the other one being the pH
f the TM salt solution.
The thermal behaviour, as reflected in the TGA and DSC
urves, is similar for the three reduction products. An example
s shown in Fig. 3, referring to sample BHS2. Following an ini-
ial weight loss below ∼200 ◦C, ascribed to release of adsorbed
ater and possibly of structural hydroxyl groups, a two-step gain
f weight is observed in the range 400–550 ◦C. The correspond-
ng DSC signal shows that this weight gain is associated with
hree exothermic processes, the first one being characterized by
very broad peak that appears like a “shoulder” (∼275 ◦C).
he two subsequent exothermic processes take place at approx-
mately 430 and 475 ◦C, respectively. However, the intensity
f the peak reflecting the (475 ◦C) process in the DSC signal
owers as the borohydride concentration increases. For sample
HS3, the high-temperature peak is no longer visibly resolved
◦rom the principal peak at ∼430 C, implying that the associated
xothermic reaction has become less important.
The nature of the various chemical processes that are tak-
ng place at elevated temperatures and that are reflected in the
able 2
oron and iron content (wt.%) and the bulk composition of the amorphous Fe–B
lloy
ample Boron Fetotal Fe1−xBx
S 0.00 69.7 ± 0.2 –
HS1 2.2 ± 0.1 66.9 ± 0.1 Fe0.90B0.10
HS2 2.3 ± 0.1 65.8 ± 0.1 Fe0.89B0.11
HS3 2.7 ± 0.1 64.3 ± 0.4 Fe0.87B0.13
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oxidation of the Fe–B alloy and-Fe giving rise to the formation
F
sig. 3. DSC curve (top) and thermogravimetric curve (solid line) and its respec-
ive derivative (dotted line, bottom) of the sample BHS2.
hree exothermic peaks appearing in the DSC curves, is not well
nderstood so far. The authors tentatively explain the obser-
ations as a gradual crystallisation process (broad “shoulder”
ignal) of the amorphous Fe–B phase to form crystalline Fe–B
ith two preferential, and hence more or less distinct B contents.
o
i
ig. 4. X-ray diffraction patterns (a and c) and Mo¨ssbauer spectra at room temperat
tandard silicon added to the sample.nd Compounds 440 (2007) 236–247 239
hese crystalline Fe–B phases would then subsequently oxidise
t higher but different temperatures.
In order to clarify the thermal analysis results two batches of
ample BHS2 were submitted to thermal treatments at 400 ◦C
TT400) and at 800 ◦C (TT800) under static air. The XRD
atterns and the Mo¨ssbauer spectra at room temperature are
hown in Fig. 4. The diffractogram of sample TT400 (Fig. 4a)
hows, beside the peaks of hematite and silicon, a peak at ∼36◦
2θ) which was attributed to boron oxide (B2O3). The hematite
ormed at 400 ◦C still shows the differential line broadening
bserved for the untreated sample. The Mo¨ssbauer spectrum of
his sample (Fig. 4b) consists of four components: (i) an outer
extet (relative area 68%), obviously due to hematite, (ii) a weak
nner sextet (relative area ∼3%) which has hyperfine parame-
ers characteristic of -Fe, (iii) an Fe0 doublet which will be
iscussed later in this section (relative area ∼27%) and (iv) an
e2+ doublet which so far is not known (subspectrum area is
erely ∼2%).
The XRD pattern of sample TT800 presents the same crys-
alline phases as observed in sample TT400 (Fig. 4c). However,
he diffraction lines of the hematite are much sharper, indicat-
ng that grain growth has occurred. The Mo¨ssbauer spectrum
Fig. 4d) shows the presence of two sextets: a major one which
s attributed to hematite (96%) and a weak sextet with hyperfine
arameters characteristics of FeBO3 (4%).
Combining the TGA and DSC results with XRD and MS
bservations it can be concluded that the thermal treatment at
00 ◦C of the sample BHS2 resulted in a crystallization process
nd partial oxidation of the Fe–B alloy to -Fe, hematite and
2O3. Further heating the sample at 800 ◦C resulted in totalf hematite and FeBO3.
Since the present thermal analyses were merely aimed to
nvestigate qualitatively the thermal stability of the amorphous
ure (b and d) of samples TT400 (top) and TT800 (bottom). Si corresponds to
240 V.G. de Resende et al. / Journal of Alloys a
Table 3
Hyperfine parameters of the Mo¨ssbauer spectra at selected temperatures of the
sample HS
T (K) Hhf (kOe) 2εQ (mm/s) RA (%) δ (mm/s)
80 538 0.39 29 0.48
531 −0.17 71 0.48
150 544 0.39a 10 0.48a
531 −0.18 90 0.48a
220 522 −0.21 100 0.41
260 517 −0.21 100 0.39
RT 512 −0.22 100 0.37
The values of isomer shifts are with reference to metallic iron. Note: Hhf,
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, temperature; RA, relative areas.
a Fixed parameter.
e–B particles in relation to the amount of SBH used for the
ynthesis, no further attention will be devoted to the high-
emperature processes. It seems, though, that the total amount
f added SBH has but little effect on the mentioned thermal
tability.
Mo¨ssbauer spectra of the HS sample were recorded at sev-
ral temperatures between 15 K and RT and could be fitted
traightforwardly. The relevant numerical results of these fits
re collected in Table 3. Example MS, referring to RT and 80 K,
espectively, are shown in Fig. 5. A relatively sharp sextet is
btained at RT, while at 80 K clearly two distinct sextet com-
onents are observed. The latter arise from the co-existence of
ntiferromagnetic and weakly ferromagnetic spin states, which
s characteristic for poorly crystalline hematite [14]. For ideal
pecies of hematite, at any given temperature only one single
pin state exists at a time, with typifying values for the hyper-
ne parameters of its six-line MS. The transition between the
wo states, called the Morin transition (MT), takes place at a
harply defined temperature of around 265 K [15]. In contrast,
or powders of less crystalline hematite, the MT is significantly
hifted to lower temperatures and moreover spread out over a
ore or less broad range in which the two spin states are present
imultaneously.
For the present hematite sample HS the MT is observed to
radually evolve in a temperature range below 200 K and even at
ig. 5. Temperature dependence of the Mo¨ssbauer spectra of synthetic hematite.
•
•
t
hnd Compounds 440 (2007) 236–247
0 K only about one-third of the sample is in the low-temperature
ntiferromagnetic state (see Table 3). The rather low MT temper-
ture range observed is thus consistent with the poor crystallinity
f the sample as evidenced by the small particle size.
The MS at selected temperatures of the samples after treat-
ent with NaBH4 are reproduced in Fig. 6. In general, three
omponents were found to be required to obtain adequate fits
or these spectra: (i) an outer sextet obviously due to hematite
hat had not reacted, (ii) an inner very broad sextet and (iii)
doublet labelled as Fe0. For sample BHS3, clearly an addi-
ional, but very weak (∼3% of total absorption area) and rather
ll-defined doublet, found to be due to Fe2+ (δ≈ 1.33 mm/s and
EQ ≈ 2.91 mm/s at 15 K), appears in the MS. It could, however,
ot be attributed to any specific phase and will be disregarded
n what follows.
Obviously, changing the borohydride concentration has a
ajor influence on the MS, in particular as to the contribution
f the central doublet at any given temperature T (see, e.g. RT
pectra), which increases considerably with increasing concen-
ration at the expense of the contribution due to the hematite
omponent.
Numerous trial fits were attempted in search for an adequate
odel to describe the experimental MS, leading to parame-
er values that consistently vary with temperature and with
oron concentration. Most problematic in that respect was the
road sextet, which for most MS is ill-defined, and conse-
uently adjusted Mo¨ssbauer parameters and temperature vari-
tions thereof were obviously unreal. Some firm conclusions,
owever, could be learned from these initial trial fits:
the hyperfine parameters of the hematite component for all
BHS samples are, to within the error limits, identical to those
of the parent sample HS;
for a well-defined broad sextet component, its quadrupole
shift 2εQ was adjusted to a value close to zero;
the Fe0 doublet is sharply defined for BHS3 at all T and shows
the expected temperature variation of its center-shift;
at any given temperature where the Fe0 doublet is well-defined
for all three BHS samples, the centre-shift values of the
doublet are almost identical; this implies that, to good approx-
imation, the center-shift of the Fe0 doublet is independent of
the added B amount;
for those cases where both the broad sextet and the Fe0 doublet
are well-defined (BHS3 at 15, 40 K and, to lesser extent, 80 K,
BSH2 at 15 K), the centre-shift values δwere iterated to a same
value for the two respective subspectra;
for any of the three BHS samples, it is noticed that, upon low-
ering the temperature of the absorber, the relative spectral area
SBS of the broad sextet component increases at the expense
of the relative spectral area SD of the Fe0 doublet. How-
ever, the total contribution (SBS + SD) remains constant, i.e.,
0.38 ± 0.01, 0.49 ± 0.02 and 0.64 ± 0.01 for BHS1, BHS2
and BHS3, respectively.These findings from the trial fits of the MS, combined with
he results from X-ray diffraction, thermal and chemical analyses
ave prompted the authors to suggest that the broad sextet and
V.G. de Resende et al. / Journal of Alloys and Compounds 440 (2007) 236–247 241
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oig. 6. Temperature dependence of the Mo¨ssbauer spectra of hematite samples
he Fe0 doublet are both due to the same amorphous Fe1−xBx
lloy phase which exhibits a more or less broad distribution
or the compositional parameter x. The idea is that at a given
emperature T, Fe1−xBx alloy grains with x exceeding a certain
hreshold value (depending on T) are (super)paramagnetic, giv-
ng rise to the doublet component, while other grains with lower
contents produce the sextet. The hyperfine field of the grains
xperienced to be magnetic, increases with increasing B content
clearly noticed from the MS at 15 K as displayed in Fig. 6) and,
f the distribution for x is broad, so is the distribution in the hyper-
ne field, thus producing a broad sextet component in the MS.
The following fitting model was thus henceforward adopted.
he broad sextet and the Fe0 doublet were constrained to exhibithe same, but adjustable centre-shift values at any given temper-
ture. Further, the quadrupole shift of the broad sextet was taken
o be zero, and the ratio of outer lines to middle lines to inner
ines for the broad sextet was forced to be equal to 3:2:1.
p
a
s
ad with sodium borohydride. BHS1 (top), BHS2 (middle) and BHS3 (bottom).
Relevant parameters for the as-such fitted MS at various
emperatures are presented in Table 4. In all respects, these
arameters exhibit consistent variations with temperature and
ith amount of added SBH, corroborating the idea that the broad
extet and the Fe0 doublet indeed can be attributed the same
morphous Fe1−xBx phase with probably a broad compositional
istribution.
Two earlier observations concerning the formation of amor-
hous Fe–B alloys are worth mentioning at this point. In a
revious study by some of the present authors regarding the
eduction by SBH of particles of (natural) specularite, for which
he coexistence in the MS of a broad sextet and a doublet was
bserved as well, the suggestion that these two spectral com-
onents are actually due to the same amorphous Fe–B phase,
lso did emerge from the analyses of these MS [10]. In that
tudy, however, only one single B concentration treatment was
pplied. The present, more elaborate experiments and analyses
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Table 4
Mo¨ssbauer results of the treated samples
T (K) Broad sextet Fe0 doublet
Hhf (kOe) RA (%) δ (mm/s) EQ (mm/s) RA (%) δ (mm/s)
BHS1
15 311 37 0.47a – – –
80 283 28 0.46 0.59 10 0.46
150 205 27 0.42 0.61 11 0.42
RT 169 25 0.34 0.61 15 0.34
BHS2
15 471 49 0.50 – – –
80 305 41 0.44 0.60 10 0.44
150 299 35 0.42 0.59 17 0.42
RT 171 26 0.36 0.61 24 0.36
BHS3
15 498 44 0.48 0.67 19 0.48
80 493 36 0.47 0.64 27 0.47
150 280 29 0.44 0.60 33 0.44
RT 188 14 0.36 0.61 50 0.36
The values of isomer shifts are with reference to metallic iron. Note: Hhf,
maximum-probability hyperfine fields; εQ, quadrupole splitting; δ, isomer
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shifts; T, temperature; RA, relative areas.
a Fixed parameter.
rmly support that earlier suggestion. Secondly, the simulta-
eous presence of a doublet and a broadened sextet was also
xperienced for amorphous Fe–B alloys obtained from reduc-
ion by SBH of Fe salts in solution by Saida et al. [16] and Song
t al. [17]. The former authors ascribe the doublet to the forma-
ion of Fe3+ oxides, while the latter ones are not specific about
he nature of the doublet. In none of these two studies, however,
emperature-dependent Mo¨ssbauer measurements were carried
ut.
The chemical treatment of the synthetic hematite causes a
rastic change in the morphology of the particles, as can be seen
rom the SEM images of the samples HS and BHS3 reproduced
n Fig. 7. The original hematite is mainly composed of needle-
haped particles with micron-sized long axis and thickness of
ess than 100 nm. On the other hand, the chemical treatment of
-Fe O has produced an appearance that resembles aggregates2 3
f more or less spherical particles with diameters of a few hun-
reds of nanometers. The presence of original, needle-shaped
ematite particles is not observed for BHS3, although ∼34%
F
e
A
Fig. 7. Scanning electron microscopy imagesig. 8. ILEEMS spectrum of the sample BHS3 collected at room temperature.
f the hematite has not been reduced according to the MS. The
uthors consider it unconceivable that the reaction would have
ltered the morphology of the remaining hematite grains. There-
ore, it is suggested that the “spherical particles” are covering
ematite needles, making them invisible on the micrographs.
In an attempt to obtain support for this latter suggestion,
n ILEEMS measurement at RT for the BHS3 powder was
erformed. ILEEMS is a variant of conventional transmission
o¨ssbauer spectroscopy [18] by which the low-energy electrons
re counted. These electrons, with energy of ∼10 eV, are pro-
uced by after effects following the decay of the probe nuclei
n the absorber. As a consequence of this low energy, only an
xtremely thin surface layer of the material is probed. The result
f the ILEEMS experiment is shown in Fig. 8. The emission
pectrum has the same shape and spectral components as does
he transmission spectrum (Fig. 6, bottom left), however with
significantly weaker contribution of the -Fe2O3, i.e., 20%
nstead of 34% as obtained from the transmission MS. This find-
ng is clear evidence that about one-half of the hematite surface
s covered by a Fe–B layer with mean thickness of 2–3 nm. It
hould be mentioned that the hyperfine parameters of the -
e2O3 and Fe–B phases obtained from the ILEEMS are within
rror limits identical to the values fitted to the transmission MS.
lso the weak ferrous doublet is present in the ILEEMS.
of samples HS (left) and BHS3 (right).
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Fig. 10. X-ray diffraction patterns of the natural hematite (HNG, inset), and after
treatment with borohydride weight proportion 1:16 (BHNG3). Si corresponds
to standard silicon which was added, and the arrow corresponds a phase which
has not been identified.
Table 5
Cell parameters and particles size (Dhk l) of the natural hematite in the studied
samplesV.G. de Resende et al. / Journal of Al
.2. Natural hematite
The natural hematite (sample HNG) was collected in
uadrila´tero Ferrı´fero and contains a small fraction of quartz
∼2%), which supposedly will not affect the reduction process.
he hematite consisting of micron-sized particles was treated
ith different borohydride concentrations, which are 1:2, 1:8 and
:16, as described earlier. The obtained products are hencefor-
ard code-named BHNG1, BHNG2 and BHNG3, respectively.
hese products are a black and highly magnetic powder.
Fig. 9 (top) shows that the pH slightly increases during the
eaction, whereas the temperature increased starting from room
emperature (Fig. 9, bottom). As mentioned for the reduction of
ynthetic hematite, the behaviour of the pH and temperature can
e attributed to the formation of hydroborate intermediates, as
escribed by Forster et al. [11].
The XRD patterns of the original hematite and one of the
reated samples (BHNG3) are shown in Fig. 10. The diffrac-
ogram of HNG shows peaks characteristic of well-crystallized
ematite and quartz. Furthermore, a single peak at ∼42◦ (2θ) is
bserved (see arrow inset in Fig. 10), which is due to a phase
hat could not be identified. The treated samples exhibit the
ame diffraction lines, those arising from hematite consistently
ecreasing in intensity with increasing B addition. Additionally,
he diffractogram of sample BHNG3 contains a broad peak at
pproximately 52◦ (2θ), which corresponds to the position of
he dominant diffraction line of metallic iron. This observation
ig. 9. Temperature (bottom) and pH (top) behavior during the reaction of reduc-
ion of the natural hematite.
Sample Cell parameter D1 0 4 (nm)
a (A˚) c (A˚)
Hematite (standard) 5.036 13.749 –
HNG 5.037 ± 0.002 13.755 ± 0.002 >100
BHNG1 5.038 ± 0.001 13.753 ± 0.002 >100
BHNG2 5.037 ± 0.001 13.748 ± 0.002 >100
B
N
i
f
B
b
t
p
p
r
r
h
s
t
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B
F
S
H
B
B
BHNG3 5.038 ± 0.001 13.750 ± 0.001 >100
ote: Standard hematite (PDF 33-0664).
ndicates that for relatively high NaBH4 amounts metallic iron is
ormed under the applied conditions of synthesis. The absence in
HNG1 and BHNG2 of any other significant crystalline phase
esides hematite, indicates that the constituents responsible for
he black colour and magnetism of these samples are again amor-
hous Fe–B alloys.
Table 5 contains the cell parameters of the hematite phases
resent in the involved samples. Their values are similar to those
eferring to standard hematite (see Table 1), indicating that the
eaction with SBH has not affected the structure of the natural
ematite that has not been attacked by the SBH. The particle
izes as reflected in the XRD line widths are well above 100 nm.
The iron and boron contents and the bulk composition of
he amorphous Fe–B alloys are given in Table 6. These results
ndicate that the boron content x in Fe1−xBx slightly increases
able 6
oron and iron content (wt.%) and the global composition of the amorphous
e–B alloy
ample Boron Fetotal Fe1−xBx
NG 0 67.4 ± 0.3 –
HNG1 0.4 ± 0.1 68.7 ± 0.2 Fe0.98B0.02
HNG2 1.2 ± 0.1 69.7 ± 0.2 Fe0.94B0.06
HNG3 1.6 ± 0.1 70.8 ± 0.1 Fe0.92B0.08
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The broad sextet appears in the MS for samples BHNG2
and BHNG3, however with significantly smaller contribution as
compared to the corresponding BHS samples. Also the tem-
perature variation is much weaker. The same is true for the
Table 8ig. 11. Temperature dependence of the Mo¨ssbauer spectra of natural hematite.
ith the amount of NaBH4. The increase, however, is less pro-
ounced than in the case of the synthetic hematite reported on
n the previous section.
The thermal behaviour of the three SBH-produced BHNG
amples as reflected in both the TGA and DSC curves, is very
imilar, and moreover it is qualitatively the same as for the
eduction products of the synthetic hematite. Hence, no further
elevant details in that respect can be reported.
The MS of the parent HNG are similar to those obtained for
ample HS. Two example spectra are shown in Fig. 11, referring
o RT and 80 K, and fitted Mo¨ssbauer parameters for selected
emperatures are listed in Table 7. Careful analyses of the HNG
S have revealed two major differences with respect to the HS
S. The first one concerns the Morin transition which, on lower-
ng the temperature from RT, for HNG already sets in at 260 K,
hile this onset temperature is below 200 K for HS hematite.
he different degrees of crystallization for the two hematites are
elieved to be responsible for this shift of the transition region.
espite the large particle size for HNG part of its grains (∼5%
t 80 K) keep their weakly ferromagnetic state at low tempera-
ures. This feature has been observed earlier for natural hematites
able 7
yperfine parameters of the Mo¨ssbauer spectra at selected temperatures of the
ample HNG
(K) 2εQ (mm/s) Hhf (kOe) RA (%) δ (mm/s)
0 0.43 542 95 0.48
−0.11a 532a 5 0.48
90 0.43 537 93 0.43
−0.14a 527 7 0.43
30 0.43 534 89 0.41
−0.16 525 11 0.41
60 0.42 531 63 0.40
−0.18 523 37 0.40
T −0.22 517 100 0.37
he values of isomer shifts are with reference to metallic iron. Note: Hhf,
aximum-probability hyperfine fields; 2εQ, quadrupole shifts; δ, isomer shifts;
, temperature; RA, relative areas.
a Fixed parameter.
M
T
B
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ith similar degrees of crystallisation and has been ascribed to
he presence of minor amounts of substitutional cations in the
ematite lattice (Al, Mn, . . .) [15].
A second difference between the MS of the HS and HNG
ematites is the appearance of texture effects for the latter. This
s clearly noticed in the MS at 80 K. For HNG the middle and
nner absorption lines (lines 2–5) show nearly the same intensity,
hich is not so for HS spectrum (see Fig. 5). The reason for this
exture is the plate-like morphology of the HNG crystallites. It
ould be of interest to study this orientational texture effect in
ore detail, however, this is beyond the scope of the present
eport.
The MS of the products formed by the reactions of the sus-
ended HNG particles with different amounts of SBH show
hat the compositions of these products are significantly dif-
erent from those resulting from the corresponding treatments
f the synthetic hematite HS as described in the previous sec-
ion. Example spectra are reproduced in Fig. 12 and adjusted
arameter values at selected temperatures are listed in Table 8.
For the lowest applied concentration of SBH (sample
HNG1) the spectra at various temperatures consistently show
he presence of a dominant (∼96% of total spectral area) sex-
et due to the initial hematite phase and a weak doublet with
arameters that resemble those of the Fe0 doublet resolved from
he BHS MS (see Tables 8 and 4) and therefore henceforward
eferred to as the Fe0 doublet. However, the broad sextet compo-
ent present in the latter MS is observed in the BHNG1 spectra
n temperatures lower than 40 K. The sextet component could
ot be included in the fit because its area is merely 4%.o¨ssbauer results of the treated samples
(K) Broad sextet Fe0 doublet
Hhf
(kOe)
RA (%) δ (mm/s) EQ
(mm/s)
RA (%) δ (mm/s)
HNG1
15 – – – – – –
80 – – – 0.55 4 0.41
260 – – – 0.55 4 0.35
RT – – – 0.57 4 0.35
HNG2
15 252 27 0.40a – – –
80 213 18 0.38 0.61 6 0.38
260 189 17 0.34 0.60 6 0.34
RT 190 16 0.33 0.61 6 0.33
HNG3
15 271 34 0.34a – – –
80 266 24 0.33 1.27 4 0.33
260 271 21 0.33 0.76 6 0.33
RT 226 20 0.33 0.74 6 0.33
he values of isomer shifts are with reference to metallic iron. Note: Hhf,
aximum-probability hyperfine fields; εQ, quadrupole splitting; δ, isomer
hifts; T, temperature; RA, relative areas.
a Fixed parameter.
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hig. 12. Temperature dependence of the Mo¨ssbauer spectra of hematite sampl
bottom).
elative spectral area of the Fe0 doublet, which moreover does
ot increase markedly with increasing total amount of added
BH. In fitting these spectra, the area ratio of outer lines to mid-
le lines to inner lines for the broad sextet was forced to be
qual to 3:2:1 and its quadrupole shift to 0.0 mm/s (Table 8). It
hould be stressed at this point that, considering the shape of the
road sextet and the weak intensities of both this sextet and the
e0 doublet, the Mo¨ssbauer parameters of the respective com-
onents are ill-defined. As a result, it is less straightforward that
he two components are due to a same amorphous Fe–B phase.
The MS of the HNG sample treated with the highest con-
entration of SBH show in addition to the components of the
HNG2 spectra, two other components which are a sextet with
yperfine parameters characteristic of -Fe, and a Fe2+ doublet
hich cannot be attributed to any particular phase. The contri-
ution of the metallic iron is ∼11%, while of the Fe2+ doublet
t
i
f
hated with sodium borohydride. BHNG1 (top), BHNG2 (middle) and BHNG3
s ∼6%. These findings are in line with the results reflected in
he XRD patterns.
Like for the synthetic hematite, the reduction of the natu-
al species apparently caused a change in the morphology of
he original particles as observed in SEM images. A selection
f these SEM images is reproduced in Fig. 13. The original
ron oxide is composed of micron-sized particles with irregu-
ar shape. After the chemical treatment (BHNG3) aggregates of
ore or less spherical particles, which seem to cover part of
he surfaces of larger particles, are observed. Presumably these
arger particles are the unaffected inner parts of the original
ematite grains, whereas the aggregated, smaller particles are
he actual products of the reduction. This interpretation would
mply that the reaction with the SBH takes place at the sur-
aces of the hematite grains. As for the synthetic small particle
ematite of the previous section, this suggestion is corroborated
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pFig. 13. Scanning electron microscopy imag
y ILEEMS. The spectrum recorded for BHNG3 at RT is pre-
ented in Fig. 14. It could be adequately fitted with the same five
omponents that were resolved from the transmission MS, i.e.,
he hematite spectrum, the -Fe sextet, the broad Fe–B sextet,
he Fe0 doublet and finally the Fe2+ doublet. The respective spec-
ral area values were adjusted as 0.15, 0.07, 0.43, 0.25 and 0.10.
rom the transmission spectra (yielding the bulk composition),
hese numbers were found to be 0.58, 0.12, 0.20, 0.06 and 0.04,
espectively. It is thus clear that upon reduction the hematite
ontent in the surface layer is reduced drastically in favour of
rimarily the Fe–B alloys. Also, this reduction is more drastic for
HNG3 than for BHS3, for which the fractional hematite area
ig. 14. ILEEMS spectrum of the sample BHNG3 collected at room tempera-
ure.
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as found to be 0.34 from the transmission spectrum, compared
o 0.20 from the ILEEMS.
. Discussion and conclusions
The reactions between the suspended -Fe2O3 and sodium
orohydride to form amorphous Fe1−xBx alloys were incom-
lete for all reaction conditions examined in this work. Indeed,
n all cases some residual unreacted iron-oxide particles have
een detected by X-ray diffraction and Mo¨ssbauer spectroscopy
pplied to the reaction products. It is suggested that the reaction
roceeds following the equation:
(1 − x)BH4− + (1 − x)Fe3+ + 2(3 − 4x)H2O
 Fe1−xBx + (10 − 7x)H2 + (3 − 4x)HBO2
he Fe1−xBx alloys are responsible for the observed magnetism.
etallic iron, in addition to amorphous Fe1−xBx, was formed
nly in the case of the natural hematite that was treated with
he highest borohydride concentrations. An important finding
n this work concerns the contribution to the total MS by the
morphous Fe–B phase. This contribution indeed consists of a
road sextet and a doublet. This doublet, observed in earlier
tudies on related reaction processes [16,17], is consequently
ot due to the presence of an additional ferric oxide phase,
s was claimed to be the case by the authors of those earlier
tudies.The quantity of alloy and the global B content x both increase
ith increasing amount of borohydride added to the suspensions
f the iron-oxide particles, the more so for the synthetic small
article hematite species. Thus, small particle synthetic hematite
loys a
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size ∼25 nm) reacts much more efficiently with NaBH4 than
he natural form (particle size >100 nm), in the sense that for a
iven SBH concentration a higher proportion for the Fe–B alloy
s formed. This difference in reaction yield can be attributed
o the high specific surface area (SSA) of the latter. Indeed,
he higher the SSA, the more BH4− groups will be in con-
act with the surfaces of the hematite particles and the more
atoms can diffuse into the lattice of the amorphous alloy and
ence lower the amount of original oxide remaining after the
eaction.
The various exothermic signals in the DSC curves concern
rystallization and subsequent two-stage oxidation processes
f the Fe–B. The observation that for each sample oxidation
ccurs in two steps suggests that the composition (boron con-
ent) of the alloy present in a given sample is not uniform, but
nstead exhibits a bimodal distribution with average value as
etermined from the chemical analyses. Indeed, according to
reviously reported studies of Fe–B alloys with well-defined
nd unique boron content (e.g. refs. [4,19]), a correlation was
ound between this boron content and the thermal stability of
he amorphous state. Phases in which the iron atoms have only
few neighbors of boron would crystallize first, whereas those
ith larger number of B neighbours are more stable and crystal-
ize at higher temperatures. The multimodal distribution for the
omposition parameter x in Fe1−xBx would be consistent with
he coexistence of a doublet and a sextet in its MS, the latter
ne growing at the expense of the former upon lowering the
emperature.
In conclusion, it has been demonstrated that the reduction
f hematite particles by sodium borohydride is more efficient
he larger the particles’ specific surface area is, and that the
hemical reactions take place in the surface layers of the grains.
s such, surface properties of the grains, in particular concerning
he chemical Fe O bonds, likely play a crucial role as to the
omposition of the reduction products. In that respect, it can be
xpected that other Fe oxides or Fe oxyhydroxides will behave
ifferently under similar reducing conditions. This point was
xamined by the authors using nano-sized goethite, -FeOOH.
he results of that research will be presented in the second part
f the present report.
[
[nd Compounds 440 (2007) 236–247 247
cknowledgements
This work was partially funded by CNPq and Fapemig
Brazil), and by the Fund for Scientific Research—Flanders,
elgium.
One of us (V.G. de Resende) thanks the Program Alban, the
uropean Union Programme of High Level Scholarships for
atin America, Scholarship No. E04M034189BR.
eferences
[1] I.D. Dragieva, Z.B. Stoynov, K.J. Klabunde, Scripta Mater. 44 (2001)
2187.
[2] G.D. Foster, L.F. Barquı´n, N.S. Cohen, Q.A. Pankhurst, I.P. Parkin, J. Mater.
Proc. Tech. 92–93 (1999) 525.
[3] S. Petit, K. David, J.P. Doumerc, J.C. Grenier, T. Seguelong, M. Pouchard,
C.R. Acad. Sci. Paris, Se´rie II c 1 (1998) 517.
[4] S. Linderoth, S. Mørup, J. Appl. Phys. 69 (8) (1991) 5256.
[5] C.Y. Wang, Z.Y. Chen, B. Cheng, Y.R. Zhu, H.J. Liu, Mater. Sci. Eng. B60
(1999) 223.
[6] J. Rivas, M.A. Lo´pez Quintela, M.G. Bonome, R.J. Duro, J.M. Greneche,
J. Magn. Magn. Mater. 122 (1993) 1.
[7] D. Buchkov, S. Nikolov, I. Dragieva, M. Slavcheva, J. Magn. Magn. Mater.
62 (1986) 87.
[8] S. Linderoth, C.A. Oxborrow, O.V. Nielsen, Nucl. Instrum. Meth. B76
(1993) 64.
[9] A. Yedra, L.F. Barquı´n, J.C. Go´mez Sal, Q.A. Pankhurst, J. Magn. Magn.
Mater. 254–255 (2003) 14.
10] V.G. de Resende, G.M. da Costa, E. De Grave, L. Datas, J. Mater. Sci., in
press.
11] G.D. Forster, L.F. Barquı´n, R.L. Bilsborrow, Q.A. Pankhurst, I.P. Parkin,
W.A. Steer, J. Mater. Chem. 9 (1999) 2537.
12] J.Z. Jiang, K. Sta˚hl, K. Nielsen, G.M. da Costa, J. Phys. Condens. Matter
12 (2000) 4893.
13] R.M. Cornell, U. Schwertmann, The Iron Oxides, Willey-VCH, 2003.
14] E. De Grave, R.E. Vandenberghe, Phys. Chem. Miner. 17 (1990) 344.
15] E. De Grave, L.H. Bowen, R. Vochten, R.E. Vandenberghe, J. Magn. Magn.
Mater. 72 (1988) 141.
16] J. Saida, M. Ghafari, Y. Nakamura, A. Inoue, T. Masumoto, Nucl. Instrum.
Meth. B76 (1993) 223.
17] X. Song, X. Yusheng, J. Huali, X. Qing, Nucl. Instrum. Meth. B76 (1993)260.
18] E. De Grave, R.E. Vandenberghe, C. Dauwe, Hyperfine Interact. 161 (2005)
147.
19] L. Wang, Z.C. Tan, S.H. Meng, D.B. Liang, S.J. Ji, Z.K. Hei, J. Therm.
Anal. Calorim. 66 (2001) 409.
